Abstract: Daily distribution of dietary protein may be important in protecting against sarcopenia, specifically in terms of per meal amounts relative to a proposed threshold for maximal response. The aims of this study were to determine total and per meal protein intake in older adults, as well as identifying associations with physical activity and sedentary behavior. Three-day food diaries recorded protein intake in 38 participants. Protein distribution, coefficient of variation (CV), and per meal amounts were calculated. Accelerometry was used to collect physical activity data as well as volume and patterns of sedentary time. Average intake was 1.14 g·kg −1 ·day −1 . Distribution was uneven (CV = 0.67), and 79% of participants reported <0.4 g·kg −1 protein content in at least 2/3 daily meals. Protein intake was significantly correlated with step count (r = 0.439, p = 0.007) and negatively correlated with sedentary time (r = −0.456, p = 0.005) and Gini index G, which describes the pattern of accumulation of sedentary time (r = −0.421, p = 0.011). Total daily protein intake was sufficient; however, distribution did not align with the current literature; increasing protein intake may help to facilitate optimization of distribution. Associations between protein and other risk factors for sarcopenia may also inform protective strategies.
Introduction
Ageing is associated with a decline in skeletal muscle mass and function (sarcopenia), which impacts adversely upon musculoskeletal health and physical independence [1] . Modification of lifestyle factors may be useful tools to combat sarcopenia. Protein ingestion elicits a muscle protein synthetic (MPS) response; however, this acute anabolic response is blunted in older muscle [2] . Along with muscle protein breakdown, MPS contributes to net protein accretion over time; therefore, blunted MPS can translate into chronic maladaptation in older adults [3] . Hence, optimization of dietary protein to maximize MPS has received a great deal of interest. The current Recommended Daily Allowance (RDA) for protein is 0.8-1.2 g·kg −1 ·day −1 for both younger and older adults [4] ; however, this is contentious, and recent recommendations propose an increased lower limit of 1.0 g·kg −1 ·day −1 [5] .
There is growing evidence to support the theory that the distribution of protein across the day can affect anabolism [6, 7] . This is based on the relationship between protein ingestion and the acute MPS response, which is dose-dependent up to a threshold, beyond which MPS plateaus and there is no increase with larger amounts of protein [2, 8] . Hence, distributing protein evenly across daily meals to reach this threshold multiple times may stimulate greater MPS across the day than a more skewed distribution. Indeed, a recent study investigating protein intake in men and women aged 50-85 years reported greater lean mass and muscle strength in participants consuming a higher frequency of meals containing at least 30 g of protein [9] . However, this study and others investigating the protein dose threshold for maximal MPS have expressed protein as an absolute value, whereas intake recommendations are given relative to body weight. A retrospective analysis of data from older men (mean 71 years), which included MPS responses to a range of protein doses, has identified a relative proposed threshold to elicit maximal MPS of 0.4 g·kg −1 [8] .
In addition to dietary protein, low physical activity has been identified as a risk factor for sarcopenia by association with skeletal muscle mass index [10, 11] . Relatively low participation in physical activity among older adults [12] indicates another potential target for intervention. Distinct from this is sedentary behavior, defined as non-exercise (low energy expenditure) seated or lying behavior, which is also a risk factor for a number of health issues including sarcopenia [13] , as reflected in public health guidelines, which recommend minimization of sitting time [14] . As with protein intake, the pattern of accumulation as well as the volume of sedentary time is important; evidence indicates benefits of breaking up sedentary bouts with periods of activity [15] . Along with dietary protein, these are modifiable lifestyle factors that can influence skeletal muscle in older age, and the identification of associations between these factors may be informative.
The Recommended Daily Allowance does not currently specify a recommendation for per meal protein amount. As data relating to dietary protein distribution and how dietary habits align with the literature is lacking, it is not clear whether interventions are required to optimize protein distribution. The design of interventions and recommendations is therefore limited. The aim of this study was to determine the total and per meal protein intake in a group of older adults, with a secondary aim to investigate associations between protein intake and active and sedentary behaviors.
Materials and Methods

Study Population
Community dwelling older adults were recruited from July to November 2014, through local housing trusts and a database of volunteers. To be included, participants needed to be ≥70 years of age, ambulatory, and living independently. Participant characteristics including age, sex, and estimated body weight were collected. This study was conducted in accordance with the Declaration of Helsinki and was approved by a local ethics committee (27 March 2014, ERN_13-1475).
Nutritional Data Collection
Dietary intake was recorded using three-day food diaries, completed over three consecutive days including at least one weekend day. Participants were given verbal and written instructions to record details and timing of all food and drink consumed, with amounts weighed where appropriate or estimated based on written portion guide instructions. A follow-up meeting was conducted where participants gave verbal clarification where required.
Physical Activity Data Collection
Objective measurement of physical activity and sedentary behavior was obtained using ActivPAL3™ accelerometers, worn for seven days. Monitors were attached to the anterior of the thigh, and participants were instructed to remove only for swimming and bathing.
Nutritional Data Analysis
Food diary data were entered into Dietplan6 software (Forestfield Ltd., West Sussex, UK, v6.70.73), which generated energy, macronutrient and micronutrient results. Protein values were calculated relative to body weight (g·kg −1 ), as well as energy from protein as a percentage of total energy intake. Proportions of protein originating from plant and animal sources were extracted. To determine protein distribution, days were split into 30 min time slots, with intake within each slot considered an individual eating episode. Days were then divided into three time periods, 05:00-11:00 (period 1), 11:00-16:00 (period 2) and 16:00-23:59 (period 3), to encompass breakfast, lunch and dinner respectively. A fourth time period was initially considered to represent an afternoon snack; however, this was rejected due to negligible protein content. Average protein intake for each 30 min slot was calculated, and summed for each time period to give average per meal intake. As the main meal of the day, defined as the meal with the highest protein intake, varied between lunch and dinner, the main mealtime was identified for each participant.
Average protein intakes were calculated for each time period to determine whether protein intake was skewed or evenly distributed across the day. This was quantified by calculating the coefficient of variance (CV) of protein distribution, a dimensionless measure of distribution (CV = standard deviation/mean), which indicates evenness of intake across meals; a CV of zero would indicate the same amount in each period [16] . The pattern of intake was also analyzed by assigning days to categories of distribution depending on the relative differences in protein intakes between meals. Each day was categorized separately, assuming the maximum amount in each time period represented the main meal in that period, and a difference between meals was defined by a threshold of 0.1 g·kg −1 (approximately 10% of total intake). Nine distinct categories were generated.
Per meal protein intake was analyzed relative to the proposed 0.4 g·kg −1 threshold for maximal MPS [8] . The proportion of meals that failed to reach this threshold was calculated for each time period, as well as the number of meals per day which were below the threshold for each participant (range 0-3).
Physical Activity and Sedentary Data Analysis
Activity data were downloaded from monitors using ActivPAL™ Analysis software (PAL Technologies Ltd., Glasgow, UK, v7.2.29). Only data from fully recorded days were used, which gave an average of 6 days per participant, and no attempt was made to remove sleep time (day or night) from sedentary data. Average daily step count, and volume of sedentary, standing and stepping time were extracted.
Sedentary data from activity monitors were processed using MATLAB (The MathWorks Inc., Natick, MA, USA, vR2012b) [17] [17] . A value of zero indicates that all sedentary bouts lengths contribute equally to sedentary time (i.e., a fragmented pattern), while a value close to one indicates accumulation in a small proportion of long bouts.
Statistical Analysis
Sample size was determined by point estimate calculations for protein intake to allow a margin for random error of 0.09 g·kg −1 ·day −1 . Data were assessed using SPSS Statistics (IBM, New York, NY, USA, v23). Data are reported as mean (standard deviation). t-tests were used to identify differences between men and women, Pearson's correlation coefficients were calculated to assess associations between variables, and one-way ANOVAs were used to identify differences when participants were grouped by the number of daily meals containing less than 0.4 g·kg −1 of protein. Where assumptions of normality were not met, non-parametric tests were used. All tests were completed to a 95% significance level, and data are reported as mean (SD).
Results
Thirty-eight participants took part in the study (12 men, 26 women), and of these 36 provided a complete data set; one participant opted not to wear the activity monitor, and for another there were technical issues when extracting data from the monitor. Participant characteristics are displayed in Table 1 , along with key variables for protein intake and activity data. No differences were found between men and women for any variable. All variables were normally distributed except percentage of energy from protein, step count, bout length and fragmentation index. 
Physical Activity and Sedentary
Step count (steps·day 
Protein Intake
Average protein intake was 1.14 (0.25) g·kg −1 ·day −1 . This was not significantly correlated with energy intake; however, the correlation between age and energy intake was significant (r = −0.487, p = 0.002) and that of age and protein intake approached significance (r = −0.304, p = 0.063). Protein intake for 92% of participants met or exceeded the RDA lower limit of 0.8 g·kg −1 ·day −1 [2] , and 76% were above the alternative recommendation of 1.0 g·kg −1 ·day −1 [3] . The contributions of plants, meat, and other animal sources of protein were 37%, 42%, and 21% of total intake, respectively.
Distribution of protein was not evenly distributed across the day, as indicated by an average CV for protein distribution of 0.67 (0.20). Periods 1, 2, and 3 included 18%, 39%, and 44% of daily protein, respectively. Main meals were consumed at lunchtime (P2) for 15 participants, with a distribution of 16%:55%:28%, and for the 23 remaining participants dinner (P3) was the main meal, 18%:27%:54%. Categorization of protein intake patterns is illustrated in Figure 1 ; four categories were highly prevalent (1, 2, 5, and 7), accounting for 86% of the 114 included days. Common to all four of these categories was a small amount of protein at breakfast followed by a relatively larger lunch and/or dinner. The CV for protein distribution did not correlate with protein intake. When individual meals were compared with the 0.4 g•kg −1 threshold for maximal MPS, for time periods 1, 2, and 3, the proportion of participants meeting the threshold was 3%, 42%, and 68% ( Figure 2) . Further, 8% of participants did not reach the threshold for any of their three daily meals, 71% were below for two meals, and for 21% one of their three meals did not meet the threshold. No participant consumed at least 0.4 g•kg −1 in each of their three daily meals. One-way ANOVA comparing total daily protein intake in participants consuming less than the threshold for one, two, and three meals a day indicated a significant difference between groups (F(3, 35) = 6.112, p = 0.005). Post hoc analysis showed differences between one vs. three meals below (p = 0.004) and two vs. three meals below (p = 0.015); in both cases, intake was lower in the group consuming three meals per day below the threshold. When individual meals were compared with the 0.4 g·kg −1 threshold for maximal MPS, for time periods 1, 2, and 3, the proportion of participants meeting the threshold was 3%, 42%, and 68% ( Figure 2) . Further, 8% of participants did not reach the threshold for any of their three daily meals, 71% were below for two meals, and for 21% one of their three meals did not meet the threshold. No participant consumed at least 0.4 g·kg −1 in each of their three daily meals. One-way ANOVA comparing total daily protein intake in participants consuming less than the threshold for one, two, and three meals a day indicated a significant difference between groups (F(3, 35) = 6.112, p = 0.005). Post hoc analysis showed differences between one vs. three meals below (p = 0.004) and two vs. three meals below (p = 0.015); in both cases, intake was lower in the group consuming three meals per day below the threshold. When individual meals were compared with the 0.4 g•kg −1 threshold for maximal MPS, for time periods 1, 2, and 3, the proportion of participants meeting the threshold was 3%, 42%, and 68% ( Figure 2) . Further, 8% of participants did not reach the threshold for any of their three daily meals, 71% were below for two meals, and for 21% one of their three meals did not meet the threshold. No participant consumed at least 0.4 g•kg −1 in each of their three daily meals. One-way ANOVA comparing total daily protein intake in participants consuming less than the threshold for one, two, and three meals a day indicated a significant difference between groups (F(3, 35) = 6.112, p = 0.005). Post hoc analysis showed differences between one vs. three meals below (p = 0.004) and two vs. three meals below (p = 0.015); in both cases, intake was lower in the group consuming three meals per day below the threshold. 
Physical Activity and Sedentary Behaviour
Average daily step count was 7136 (3276) steps·day −1 , and the proportions of stepping, standing and sedentary time were 5%, 13%, and 82% respectively.
Step count was significantly correlated with both age (r = −0.502, p = 0.002) and protein intake (r = 0.439, p = 0.007).
Daily sedentary time was 18.0 (1.9) h·day −1 , and sedentary time distribution variables are presented in Table 1 . Protein intake was significantly negatively correlated with sedentary time (r = −0.456, p = 0.005), and with the Gini index (r = −0.421, p = 0.011), indicating an association between low protein intake and a high volume of sedentary time accumulated in long bouts.
Discussion
The aim of the current study was to determine total daily protein intake in adults aged over 70 years, and investigate how this is broken down into per meal amounts. We found that the average protein intake in this sample was 1.14 g·kg −1 ·day −1 . This is a sufficient amount according to recommendations [2, 3] ; however, per meal intake analysis showed that no participants were consuming 0.4 g·kg −1 of protein in all three meals of the day, indicating suboptimal protein delivery according to current literature.
Data from the UK National Diet and Nutrition Survey reports a protein intake of 1.24 g·kg −1 ·day −1 for older adults [19] , although the analysis included trimming to allow for underreporting, which may account for the lower value in the current study. Analysis from similar Dutch surveys reported intakes of 1.1 g·kg −1 ·day −1 and 0.9 g·kg −1 ·day −1 in community dwelling adults aged over 65 years [20, 21] . Intake was sufficient in all but three participants in our study with respect to the RDA of 0.8-1.2 g·kg −1 ·day −1 . However, the continuing debate around the protein requirements of older adults has prompted the development of a new recommendation for optimal muscle health, which suggests a higher minimum intake [5] . In light of these more recent recommendations, nine participants had an intake below the suggested limit.
Distribution of protein intake was skewed across the day with particularly small amounts at breakfast, which was consistent with previously reported patterns [20, 21] . This was more pronounced when distribution was calculated separately depending on whether the main meal of the day was eaten at lunch or dinner, revealing that over half of the day's protein was consumed in the main meal. Protein distribution CV was 0.67, also indicating a skewed distribution. A previous study in community-dwelling adults aged ≥75 years reported a higher CV in frail participants compared with non-frail [16] , in which a CV of 0.68 for non-frail participants is consistent with our data.
It has been suggested that per meal protein amounts may influence muscle accretion. Cross-sectional data for 50-85 year olds extracted from the 1999-2002 National Health and Nutrition Examination Survey have shown that leg lean mass and strength are associated with the frequency of meals containing at least 30 g of protein [9] . This was based on estimates of a threshold dose for maximal MPS in absolute terms [22, 23] ; however, our analysis used a proposed threshold expressed relative to body weight [8] . We found that 79% of participants consumed less than the 0.4 g·kg −1 threshold in at least two meals per day. Unsurprisingly, total protein intake was significantly lower in the participants who did not reach the threshold for any daily meals, although there was no difference in total protein between the one and two meal groups. No participant consumed three threshold doses a day; to reach three doses of 0.4 g·kg −1 in a day there would need to be a slight increase from the average total daily intake. Clearly, there is potential for improvement in terms of protein distribution; however, these data indicate that an increase in total protein intake may be beneficial, to facilitate an optimal distribution of protein doses in line with the acute and cross-sectional data.
Conversely, the two intervention studies which have examined chronic effects of protein distribution in older adults have reported greater improvements in body composition, nitrogen balance, and protein turnover with a skewed distribution compared with an evenly spread intake [24, 25] . This may be explained by the protein amounts in the evenly spread distribution, which did not reach 0.4 g·kg −1 . Interventions to optimize protein distribution should consider per meal protein amounts in relation to data on acute responses.
The basis of this distribution hypothesis is the observation that the relationship between protein dose and MPS response is both dose-dependent and saturable [8, 23] ; however, the importance of this observation is contentious and not yet fully defined, not least because net muscle accretion is determined by two components of the anabolic response, muscle protein synthesis, and muscle protein breakdown (MPB). Protein ingestion not only stimulates MPS but also prompts a rise in insulin, which suppresses muscle protein breakdown [26] , thereby impacting upon both components of the anabolic response. Although the effect of increasing protein dose may plateau in terms of synthesis, there is nothing to suggest that the suppression of breakdown does not continue to increase with higher doses, resulting in a continued net gain [27] . This may negate the potentially beneficial effects on MPS of an even protein distribution in terms of overall muscle protein balance. Due to the challenges associated with MPB measurement, focus in the literature tends towards measurement of only MPS to identify an anabolic response [27] ; hence, this response is less well defined, particularly in a chronic setting. Kim et al. [28] included measurements of protein breakdown and net balance in a study of 52-75 years old adults, who consumed either a high or low protein diet divided into an even or uneven distribution for three days. There was no effect of protein distribution on whole body protein synthesis, breakdown or net balance, or on MPS, which would contradict the even distribution hypothesis. However, the results are not consistent with other data showing an effect of distribution on MPS in younger adults [7] , nor with reported differences in whole body protein turnover, synthesis, and breakdown in older adults following 14 days of even or uneven protein distribution [24] . Thus, the effects on MPB and net balance of protein distributions that affect MPS are still unclear. This indicates the need for further research into the effects of protein distribution on anabolic responsiveness as a whole, to determine the overall effects on muscle accretion; without further investigation, this remains a limitation of the hypothesis.
Activity data were also included in this study, as both low physical activity and high sedentary time are additional risk factors for sarcopenia [10, 11, 13] , and there are health benefits associated with fragmentation of sedentary time [29] . Average step count was in line with previous results from older adults [30] , although 58% of the sample did not meet estimated recommendations [31] , and participants spent 75% of their time sedentary. Correlations with protein intake indicated that participants with lower protein intake also had a lower step count and greater sedentary time accumulated in longer bouts. Associations between these risk factors for sarcopenia are worthy of further investigation, as the identification of causal relationships, such as suppressed appetite caused by inactivity potentially resulting in low protein intake, may aid in the development of more effective interventions.
One of the main limitations of this study is the relatively small sample size; however, this was sufficient to detect differences in protein intake. We also did not consider quality of protein with respect to protein thresholds, which can influence the acute MPS response to a dose of protein [32, 33] .
The strengths of the study include the methods of assessment. ActivPAL™ accelerometry is an objective measure of physical activity that has been validated in terms of step count and active/sedentary time [34, 35] . Although not an objective measure, the use of food diaries for dietary assessment in older adults has been validated [36] . Food diary duration has also been addressed; accuracy of three-day records was found to be acceptable when compared with nine-day records in adults aged 40-70 years [37] . Moreover, the allocation of protein to just three meals in a day has previously been considered a limitation [16] . In this analysis, we initially included an additional time period to allow for a snack; however, the protein content of this period was negligible, indicating that it is valid to assess intake in three meals per day. This is the first study to assess per meal protein intake with respect to a threshold protein dose expressed relative to body weight rather than in absolute terms, which is arguably more relevant to dietary recommendations, as they are also given relative to body weight.
In summary, protein intake was generally aligned with recommendations; however, per meal protein intake relative to body weight was suboptimal according to current literature. Intervention targets may include a focus upon an even distribution to achieve maximal MPS across the day, as well as increased total intake to facilitate optimal distribution. Additionally, lower protein intake was associated with lower physical activity and higher sedentary time, which should be further explored and potentially combined in strategies to reduce the effects of sarcopenia in older adults.
